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Energetic feedback from supernovae (SNe) and from active galactic nuclei (AGN) are both important
processes that are thought to control howmuch gas is able to condense into galaxies and form stars.We show
that although both AGN and SNe suppress star formation, they mutually weaken one another’s effect by up
to an order of magnitude in haloes in the mass range for which both feedback processes are efficient
(1011:25M8vm200v1012:5M8). These results demonstrate the importance of the simultaneous,
non-independent inclusion of these two processes in models of galaxy formation to estimate the total
feedback strength. These results are of particular relevance to the interpretation of results from
hydrodynamical simulations that model only one of the feedback processes, and also to those semi-analytic
models that implicitly assume the effects of the two feedback processes to be independent.
F
eedback from the formation of massive stars, probably in the form of large-scale winds driven by supernova
(SN) explosions, and from accreting black holes (BHs) associated with active galactic nuclei (AGN), are
thought to regulate the star formation rates (SFRs) of low- and high-mass galaxies, respectively (for a review
see e.g. Ref. 1). Observationally the two feedback effects are frequently seen to be coeval. In a global sense, the
evolution of the cosmic SFR and the luminosity density of quasars are tightly correlated2 and on the scale of
individual objects post-starburst galaxies are found to preferentially host active BHs3. BothAGN and SN feedback
are now routinely included in semi-analytic and numerical simulations. However, it is frequently assumed,
particularly in some semi-analytic models (e.g. Refs. 4–7), that the efficiency of one form of feedback is unper-
turbed by the inclusion of the other.
In semi-analytic models it is generally assumed that the amount of gas reheated by SNe is! _mva, where _m is
the galaxy star formation rate, v is some characteristic velocity associated with the galaxy and a is a free parameter.
AGN feedback is included inmost semi-analyticmodels by coupling the BHdirectly to the halowithout regard for
the galaxy, either by assuming that the BH growth decreases the cooling rate in the hot halo in proportion to the
BH accretion rate7, or by shutting off cooling if the BH is massive enough for the Eddington luminosity to exceed
somemultiple of the cooling luminosity of the halo6. In somemodels8,9 the effect of AGN feedback is not limited to
halting the cooling of the halo, but can remove gas entirely from the halo, which improves model descriptions of
the hot halo gas that surrounds galaxies.
It is by no means clear that SN and AGN feedback act independently of each other. Both feedback processes
redistribute gas inside of galaxies in a complex and non-linear way. It is possible that the effect of one feedback
process, e.g. the factor by which the cooling of hot halo gas is reduced or the amount of cold gas that is heated or
ejected, depends on the presence of other feedback processes. Indeed, it has been demonstrated that SN feedback
and photo-heating, which semi-analytic models assume to act independently, amplify each other’s suppression of
the SFR of low-mass galaxies10,11.
The aim of this paper is to use self-consistent hydrodynamical simulations to investigate the mutual amp-
lification of AGN and SN feedback. We will show that in haloes in the mass range 1011:25M8vm200v1012:5M8
AGN and SN feedback act to suppress one another’s effects by up to an order of magnitude.
Results
We begin by considering the effect of each feedback process on the SFR of galaxies residing in haloes of a fixed
mass. Each panel in the top row of Fig. 1 shows the contribution of haloes in a givenmass range to the cosmic SFR
as a function of redshift in each of the simulations. The colour denotes the physical model: no feedback (purple),
SN feedback only (orange), AGN feedback only (blue) and both AGN and SN feedback (red). We denote the
global SFR in the simulation that includes no feedbackwith _r, and the simulations that include only SN feedback,
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only AGN feedback and both forms of feedback as _r,SN, _r,AGN and
_r,SNzAGN, respectively. We can then define suppression factors,
SX:
_r
_r,X
, where X represents one of the subscripts introduced
above. The bottom row of Fig. 1 shows the suppression factors cor-
responding to each of the upper panels. In each of the lower panels,
the horizontal, grey line shows no-suppression (i.e. SX 5 1).
In the least massive haloes (m200v1011:25M8; left panels) AGN
feedback has not yet become efficient so the simulations with no
feedback (purple) and AGN feedback (blue) lie very close to one
another. The simulations with SN feedback (orange) and both
AGN and SN feedback (red) also nearly overlay one another. This
indicates that in this mass range, SN feedback dominates the sup-
pression of the SFR. Conversely, at the highest masses (m200w
1012M8; right panels) SN feedback becomes increasingly inefficient
and now the simulations that include no feedback (purple, solid
curve) and only SN feedback (orange) lie close to one another, while
the AGN only (blue) and AGN and SN feedback (red) lines also lie
very close to one another, indicating that in this mass range SN
feedback does little to suppress the SFR. At intermediate masses
(1011:25M8vm200v1012M8; middle panels) the two feedback pro-
cesses suppress the SFR by comparable amounts, although at low
redshift AGN feedback becomes less efficient.
In the absence of SN feedback, the BH population grows to be
much more massive than observed. We therefore consider one extra
simulation in which f is increased by a factor of 6.87 (the ratio of the
global BHdensities in the simulations without andwith SN feedback)
in order to bring the total mass in BHs back in line with observations.
The dotted, blue curves in the bottom panels of Fig. 1 show suppres-
sion ratios in this simulation. It is notable that this line is almost
identical to the AGN only simulation with the standard efficiency,
indicating that in both cases the AGN injects the same amount of
energy into its surroundings and suppresses the SFR by the same
factor. This occurs because if the BH feedback efficiency is increased
by some factor, the total mass in BHs decreases by nearly the same
factor, so that the total amount of energy output is almost independ-
ent of f . This suggests that BHs are growing until they have output
some critical amount of energy, at which point they are capable of
regulating their own growth (see Refs. 16, 24 for a full discussion of
this point). We therefore do not show the high-efficiency simulation
in the rest of this paper but note that our results are insensitive to this
choice and that the only effect of the feedback efficiency is to scale the
BHmasses. In lowmass haloes, where SN are able to self regulate, the
same relationships hold. For example, it has been demonstrated in
the OWLS simulations that doubling the amount of energy available
from SN halves the instantaneous accretion rate onto low mass gal-
axies31, which is also consistent with the self-regulation argument
presented here. In addition, it has been shown in the same simula-
tions32 that in low mass galaxies, where AGN feedback is unimport-
ant, the star formation rate is inversely proportional to the amount of
Figure 1 | Effect of SN andAGN feedback on the evolution of the cosmic SFR density contributed by different halomasses. Different colours represent
different feedback models. Purple curves show simulations that include no feedback; red curves include both AGN and SN feedback and orange (blue)
curves show simulations that include only SN (AGN) feedback. Top panels: the contribution to the cosmic SFR density from haloes with different masses
as a function of redshift. Bottom panels: the factor by which the SFR is decreased relative to the simulation that includes no feedback. The horizontal, grey
line in each of these panels shows no-suppression. The blue, dotted lines demonstrate that changing the AGN feedback efficiency has almost no effect on
the overall SFRs. At the low-mass end (m200v1011:25M8) SN feedback dominates and AGN feedback dominates at the high-mass end (m200w1012M8),
but at intermediate masses both feedback processes contribute to the decrease in the SFR.
www.nature.com/scientificreports
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energy injected per unit stellar mass formed. This implies that the
rate at which energy is injected is independent of the assumed
efficiency of the feedback, as would be expected if galaxies regulate
their growth by generating outflows that match the cosmological
accretion.
In the top panel of Fig. 2 we show the z5 0 suppression factors as a
function of halo mass for SN feedback (orange), AGN feedback
(blue) and both feedback mechanisms (red). SN feedback accounts
for most of the suppression of the SFR in haloes with masses
ƒ1012M8, but its efficiency falls to almost zero for larger halo
masses. Above m200~1012M8, AGN feedback accounts for the
majority of the suppression of the SFR.
In order to quantify the mutual amplification of SN and AGN
feedback, we define an ‘amplification factor’10 for the two feedback
processes using their suppression ratios
x:
SSNzAGN
SSN|SAGN
: ð1Þ
A value x5 1 indicates that AGN and SN feedback suppress the SFR
independently of one other. A value x . 1 (x , 1) indicates that
AGN and SN feedback amplify (weaken) each other’s ability to sup-
press the SFR relative to the case where they act independently.
The solid curve in the bottom panel of Fig. 2 shows the amplifica-
tion factor, x, as a function of halo mass for z 5 0. At both low
(m200v1011M8) and high (m200w1012:5M8) halo masses, the mass
ranges where only one of the two feedback processes are effective, the
amplification factor x , 1, indicating that each process operates
independently of the other. However, in the intermediate mass range
x = 1, indicating that the effect of including both AGN and SN
feedback is almost an order of magnitude weaker than it would be if
they each reduced the SFR by the same factor as when they act in
isolation. In the lower panel of Fig. 2, it appears that x . 1 for high
halo masses, but this is not statistically significant, and disappears at
other redshifts, or if the data is binned differently.
Themagnitude of this suppression is largest at redshift zero (solid,
black curve), but the same effect exists up to high redshift (dotted
curves). The highest halo mass at which SN feedback is able to have
an effect depends on when the winds become pressure confined by
the interstellar medium15. At higher redshifts, ambient gas densities
(and galaxy gas fractions) are higher and thus SN winds are only
efficient in haloes of lower mass, and the range of halo masses over
which both feedback processes are effective (and thus suppress one
another) decreases. The dashed, purple curve in the bottom panel of
Fig. 2 shows the amplification factor for the full simulation relative to
the SN-only case for m200v1012M8 ~SSNzAGN=SSNð Þ and relative
to the AGN only case for m200w1012M8 ~SSNzAGN=SAGNð Þ. This
curve lies close to unity for all halo masses, demonstrating that a
fairly accurate approximation to our full results can be obtained if
models assume a sharp transition between SN andAGN feedback at a
halo mass of 1012M8.
Eq. 1 holds if the factors by which each feedback process sup-
presses the SFR are independent. If, however, the feedback effects
were additive and the amounts by which they decrease the SFR were
independent, then the equation would take on a slightly different
form. The conclusion that the two feedback processes weaken each
other also holds if they combine additively instead of mutliplica-
tively. This can easily be seen by considering that if SNe and AGN
each reduce the SFR by more than a factor of 2, which is the case for
much of the redshift and mass range, then their combined effect
would yield a negative SFR if the two feedback processes were inde-
pendent and combined additively.
We have verified that decreasing the simulation volume by a factor
of eight, while keeping the resolution unchanged, has a negligible
effect on the results. If we decrease the numerical resolution then the
magnitude of the feedback suppression becomes smaller, although
the same qualitative trends hold as for the fiducial case, with SNe
(AGN) dominating the suppression in low- (high-)mass objects, and
an intermediate-mass regime where the two processes weaken one
another’s effects. The halo mass at which AGN feedback begins to
effectively suppress the SFR is higher for the low-resolution simu-
lation because in this simulation gas densities at the centres of haloes
are significantly lower than in the high-resolution case, so BHs grow
more slowly and begin to affect galaxies at a later time (see also
Ref. 16). Thus, increasing the numerical resolution only strengthens
our main conclusions.
Discussion
Energetic feedback from SNe and from AGN are both important
processes that are thought to control how much gas is able to con-
dense into galaxies and form stars. Using a set of cosmological SPH
simulations that include, amongst other ingredients, both of these
feedback processes, we have investigated how each (and both) of
these processes affect the evolution of the contributions of haloes
of fixed mass to the star formation history of the universe. We
Figure 2 | Top panel: Present-day star formation suppression factors as a
function of halo mass for the simulations that include SN feedback
(orange), AGN feedback (blue) and both types of feedback (red). Bottom
panel: Amplification factor, x (Eq. 1), as a function of halo mass. Each
curve shows results for a different redshift, as indicated in the legend.
Values of x5 1 indicate that SN and AGN feedback operate independently
of one another. Values x, 1 indicate that SN and AGN feedback mutually
suppress one another’s effects. At low redshift, in haloes with masses
1011{1012:5M8, the two feedback effects weaken one another’s impact on
the SFR by almost an order of magnitude relative to the case in which they
operate independently. The purple, dashed line in the bottom panel of this
figure shows the suppression factor obtained from using SSN1AGN/SSN in
haloes with m200v1012M8 and SSN1AGN/SAGN for more massive haloes.
At all halo masses, this quantity remains within a factor of two of unity,
demonstrating that using a sharp cutoff where only SN (AGN) feedback
operates in low mass (high mass) haloes provides a reasonable
approximation to our results.
www.nature.com/scientificreports
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demonstrated that, in the models, both AGN and SNe suppress the
SFR when modelled in isolation, with SNe suppressing SF primarily
in low-mass objects (m200v1012M8) and AGN feedback operating
in massive (m200w1012M8) objects. SNe are effective primarily
in low-mass objects because, at high halo masses, hydrodynamic
drag and radiative losses within the disc effectively confines the
galactic winds. AGN are effective primarily in high-mass
objects because, in our prescription, seed mass black holes are only
placed into massive, resolved haloes. The exact halo mass range in
which both feedback channels can operate is somewhat uncertain,
but our results demonstrate that in any halo where both forms of
feedback are important, their mutial interaction must be carefully
considered.
However, if both AGN and SN feedback are included in a simu-
lation, the factor by which the SFR is suppressed is significantly
smaller than would be expected if the two processes had an inde-
pendent effect on the SFR. This occurs in the regime where both
AGN and SN feedback are able to suppress the galaxy SFR coevally,
i.e. in haloes of intermediate mass (1011:25M8vm200v1012M8).
The net effect is that they weaken one another’s ability to suppress
the galaxy SFR.
We caution the reader that our simulations have not fully con-
vergedwith respect to resolution and that the halomass at which BHs
begin to affect the galaxy SFR changes with resolution. Our simula-
tions contain neither the numerical resolution or the physics to
model the multi-phase interstellar medium. The factor by which
AGN and SN feedback suppress the SFR is therefore not well con-
verged. However, we verified that increasing the numerical resolu-
tion only strengthens the effects we discuss here. We note also that
there is significant freedom in how we choose to model feedback
processes in our simulations, and that taking significantly different
choices about how and when energy is injected into galaxies may
affect the results obtained.
However, our finding that AGN and SN feedback weaken each
other’s effect on the SFR should not come as a surprise. Both SF and
BH growth are thought to be self-regulated: feedback injects suf-
ficient energy for the outflow to balance the accretion rate when
averaged over sufficiently large length and time scales (e.g.
Ref. 24). Since BH accretion episodes are generally accompanied
by nuclear SF, both feedback processes will contribute to the nuclear
outflow. If SN feedback is turned off, then the BHwill compensate by
injecting more energy. This extra AGN feedback will not only limit
the BH’s own growth, it will also reduce the SFR. Hence, we expect
the reduction of the SFR due to AGN feedback to be greater in the
absence of SN feedback.
Our work complements10, who found using similar methods that
SN feedback and photo-heating by the UV background amplify one
another’s effects on the SFR in low-mass galaxies. SN feedback ‘puffs
up’ galaxies, making it easier for them to be evaporated by the UV
background, and in turn the UV background removes gas from the
outskirts of the galaxy, making it easier for SN feedback to drive out
more gas. The general conclusion that we can draw from these
results, is that the way in which any one feedback process redistri-
butes gas around the galaxy has the potential to either amplify or
suppress the ability of other feedback processes to suppress the SFR.
It is therefore vital that studies treat all feedback processes simulta-
neously and in a non-independent manner.
These results may have important implications for those semi-
analytic models that make the implicit assumption that all types of
feedback act independently of one another. However, as semi-ana-
lytic models do allow for indirect interactions between different
feedback processes, it remains to be demonstrated whether these
models can capture any of the effects discussed here. Finally, hydro-
dynamic simulations that model AGN in the absence of SN-driven
winds (e.g. Ref. 33) may draw incorrect conclusions regarding the
effect of AGN feedback.
Methods
This study is based on smoothed particle hydrodynamics (SPH) simulations of rep-
resentative volumes of the Universe. Gravitational forces and the equations of
hydrodynamics are solved using a significantly extended version of the parallel
PMTree-SPH code GADGET III (last described in Ref. 12), a Lagrangian code used to
calculate forces on a particle by particle basis. All of our simulations assume aLCDM
cosmology with parameters determined from the 3-yr Wilkinson Microwave
Anisotropy Probe (WMAP) results,Vm5 0.238,VL5 0.762,Vb5 0.0418, h5 0.73,
s8 5 0.74 and ns 5 0.951. These values are consistent with the 7-yr WMAP data13
except that the parameter s8 is 2s lower in theWMAP3-year data than allowed by the
WMAP 7-year data.
In addition to treating gravitational and hydrodynamic forces, the simulations
need to follow the galaxy formation processes that happen on small scales. The
simulations track star formation, SN feedback, BH growth and AGN feedback,
radiative cooling and chemodynamics, as described in Refs. 14–18, respectively. This
physical model is denoted ‘AGN’ in the OWLS suite of simulations19.
For the purposes of this work, our prescriptions for SN and AGN feedback are the
most important aspects of the physical model so we describe these in some detail here.
Feedback from SNe is implemented by injecting approximately 40% of the energy
released by Type II SNe locally as kinetic energy. The rest of the energy is assumed to
be lost radiatively. Each newly formed star particle kicks on average 2 of its neigh-
bouring gas particles into the wind. The initial wind velocity is 600 km/s, which is
consistent with observations of galaxy outflows (e.g. Ref. 20).
BH growth and AGN feedback is implemented using the method of Ref. 16 which
is, in turn, a modification of that from Ref. 21. We regularly run a friends-of-friend
halo finder and insert seed mass BHs (mseed~105M8) into every halo of mass
w1010M8 that does not yet contain a BH. These seed BHs then grow both through
merging and gas accretion (which is limited to the Eddington rate). Accretion rates in
low-density gas (nH , 10–1 cm–3) are assumed to be equal to the Bondi-Hoyle rate.
For higher-density, star-forming gas the Bondi-Hoyle rate is boosted by a factor
(nH/1021 cm3)2 to compensate for the lack of a cold, interstellar gas phase and the
finite resolution (see Ref. 16 for a full discussion). The BH growth rate is related to its
accretion rate by _mBH~ 1{ rð Þ _maccr, where r~0:1 is the radiative efficiency of the
BH. One significant source of uncertainty in simulations of AGN feedback is in the
description of BH accretion rates22,23, but this uncertainty does not significantly affect
the results presented here. We showed previously24 that the masses of simulated BHs
are set by self-regulation. BHs grow until they are capable of injecting energy at a
sufficiently high rate to counteract gas inflow. This means that in the simulations,
although the instantaneous accretion rate depends on the accretion model, the final
mass of massive BHs is insensitive to the accretion model provided the accretion rate
would become high in the absence of AGN feedback16.
The amount of energy available for AGN feedback is then given by _E~ f r _maccrc2,
where c is the speed of light and f is a free parameter, the ‘feedback efficiency’. The
BH builds up a reservoir of energy until it is capable of heating one gas particle by a
temperature DT5 108 K. This energy is then injected thermally into one of the BH’s
neighbours, chosen at random. The feedback efficiency is tuned to reproduce the
global BH density at z 5 0. In the fiducial runs f~0:15.
We note that the precise values for parameter choices such as energy efficiencies do
not reflect in detail the physical processes that are happening on small scales. This is
because in cosmological simulations, limited resolution means that the effects of the
feedback parameters are dependent upon other sub-grid models, such as the
numerical equation of state for star-forming gas. Our approach to calibrating these
parameters, therefore, is simply to constrain them to be physically plausible, and to
tune them to match a particular observable.
The fiducial simulations analysed in this work are performed in cubic volumes of
50 comovingMpc/h and contain 2563 particles of both gas and darkmatter (DM). For
the assumed cosmological parameters this corresponds to DM and (initial) gas par-
ticle masses of 4:1|108M8=h and 8:7|107M8=h, respectively. Initial conditions
are generated with CMBFAST25, and evolved linearly to the simulation starting
redshift of z 5 127. The comoving gravitational force softening is set to 1/25 of the
initial mean interparticle spacing and is limited to a maximum physical scale of
2 kpc/h, which is reached at z < 3.
Each simulation is run four times, starting from the same initial conditions. One
realisation includes no feedback processes, the next two include either AGN or SN
feedback. The final run includes both AGN and SN feedback. Simulations with this
last physical model and the same resolution as used here reproduce the observed z5 0
relations between BHs and the mass and velocity dispersion of their host galaxies16 as
well as the observed optical and X-ray properties of the groups in which they reside26.
In the simulation where we treat AGN feedback but not SN feedback, the AGN
grow over-massive when compared to the observed global density of BHs27 and the
z 5 0 relations between BH mass and galaxy bulge mass (e.g. Ref. 28) and velocity
dispersion29.We therefore run one additional simulation in which the AGN efficiency
is increased by a factor 6.87 (the ratio of the global BH densities in the simulations
with and without SN feedback) to reproduce the scaling relations even in the absence
of SN feedback.
For our analysis we use snapshots of the simulations, which are saved at discrete
output redshifts with intervalDz5 0.125 at 0# z# 0.5,Dz5 0.25 at 0.5, z# 4 and
Dz5 0.5 at 4, z# 6. At each of these outputs we use a Friends-of-Friends halo finder
with linking length b 5 0.2 to obtain a list of DM haloes. Their masses are then
determined using the SUBFIND code30, which employs a spherical-overdensity cri-
terion centered on themost bound particle in each halo. All halomasses quoted in this
work are spherical overdensity masses defined as the mass within a sphere that
www.nature.com/scientificreports
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encloses a mean density 200 times the critical density of the Universe. We limit our
analysis to haloes of mass m200w1010:75M8 , corresponding to . 100 DM particles.
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